Conventional methods of producing micro-scale components for BioMEMS applications such as microfluidic devices are limited to relatively simple geometries and are inefficient for prototype production. Rapid prototyping techniques may be applied to overcome these limitations. Fused Deposition Modelling is one such rapid prototyping process, which can build parts using layer by layer deposition technique with layers as low as 0.178 mm thick and using a select group of thermoplastic building materials. This paper presents the potential of Fused Deposition Modelling (FDM) system, available at IRIS, in building prototypes of scaled microchannels for experimental study and verification of fluid flow in microfluidic devices. The scope and application of FDM system as a powerful and flexible rapid prototyping device is described. Microchannels of different geometries are produced in ABS material on the FDM3000 rapid prototyping system and a methodology is presented for experimental study of the mixing of fluids in microchannels in conjunction with the theoretical analysis using computational fluid dynamics (CFD) package.
INTRODUCTION
In the development of microfluidic devices for chemical analysis, it is essential to study the mixing behaviour of fluids through the microchannels. Mixing several fluids in chambers and channels at the micron scale is not as easy as it can at macro scale. The Reynolds number at these dimensions is usually rather small, no turbulence occurs and mixing can be accomplished by diffusion over small distances. In the design of such diffusive micromixers, preliminary computational analysis has to be done to ensure that mixing will be achieved with the proposed design. Apart from computational analysis, experimental simulation using scaled prototypes of mixers can also be undertaken to verify the performance of the proposed design. In micro-mixers, there are many arbitrary parameters that can affect the performance of such devices. In order to study and improve the design and development of such devices, rapid prototyping is useful. Duffy et al. [1, 2] described a procedure for rapidly and conveniently prototyping microfluidic devices. They utilised computer-aided design (CAD) program to design the microchannels, and then transfer the design to a master in positive photoresist. PDMS was cast against the master give to a polymeric replica containing the microchannels. They oxidised the replica in oxygen plasma to form the microfluidic network and used aqueous solutions as the test fluid actuated by electro-osmotic flow. Anderson et al. [3] developed complex 3D microfluidic system based on this rapid prototyping method.
The authors have been developing a simulation and experimental approach to study the microfluidic flow behaviour and mixing in microfluidic components, with microchannels of different designs and configurations [4] . The approach involves computer-aided design (CAD) and computational fluid dynamics (CFD) modelling of several designs of Y channels and testing their mixing performance. MemCFD by CoventorWare was used to design the microfluidic components, and then simulate the flow behaviour. At this stage, the designs are optimised by the CFD simulation and changed accordingly in the CAD system. It is intended that, after optimising, the design will be verified by developing and testing scaled up physical prototypes of the designed microfluidic devices on a commercially available rapid prototyping system. Finally, the experimental results and simulation results will be fedback to the CAD system to refine the design and complete the development process. It is expected that by using the rapid prototyping approach, more efficient and functional microfluidic devices can be developed with reduced development cycle time and reduced cost of new microfluidic components. This paper describes the first ever application of Fused Deposition Modelling (FDM), one of the most widely used rapid prototyping processes in the world for mechanical components, in the design and development of microfluidics devices. The paper first describes the basic principle of the FDM process, explores the study of microfluidic flow behaviour using the theory of similitude involving micro scale components with scaled up physical components, and then describes the experimental investigation in the development of microchannels of different designs using the FDM process to support the study of microfluidic flow behaviour.
FUSED DEPOSITION MODELLING PROCESS
Fused Deposition Modelling (FDM) is a rapid prototyping (RP) process that integrates computer aided design, polymer science, computer numerical control, and extrusion technologies to produce three dimensional solid objects directly from a CAD model using a layer by layer deposition of molten thermoplastics extruded through a very small nozzle [5] . FDM is one of the few commercially available rapid prototyping technologies offering the possibilities of producing solid objects in a range of different materials including metals and composites. The FDM systems, developed by Stratasys Inc, currently fabricate parts in ABS, investment casting wax and elastomer, and the machines can operate in a user friendly office environment. One of the latest FDM machines, the FDM3000 [6] , which is used in this study, allows building layer thickness from 0.178 mm to 0.356 mm and the achievable accuracy in the parts is ±0.127 mm.
The process starts with the creation of a part on a CAD system as a solid model or a closed surface model. The model is converted into an STL file using a specific translator on the CAD system. The STL file is then sent to the FDM slicing and pre-processing software called QuickSlice, where the designer selects proper orientation, creating supports and slicing and other parameters to prepare the part program for sending to FDM machine. A proper orientation of STL model is necessary to minimise or eliminate supports. The STL file is then sliced into thin cross sections at a desired resolution, creating an SLC file. Each slice must be a closed curve. So any unclosed curves are edited and closed. Supports are then created if required, and sliced. Supports can also be created as part of the CAD model and imported as part of the STL file. The sliced model and supports are then converted into SML file which contains actual instructions code for the FDM machine tip to follow specific tool paths, called roads, to deposit the extruded material to create each cross section. The designer selects various sets and road parameters to make sure a proper SML file is created. The SML file is then sent to the FDM machine, where the FDM head creates each horizontal layer by depositing molten extruded material on a foam foundation until the part is completed. The part is then taken out, supports are detached carefully, and is ready for use.
APPLICATION OF RAPID PROTOTYPING TECHNOLOGIES TO MEMS AND MICROFLUIDICS
Some micro-devices may be described as micro in the sense that they are small rather than all their dimensions are in the micron range. As an illustration, let us consider, for example, a micro-pump with a piezoelectric driven diaphragm actuator. The micro-pump may have external dimensions of about 15 to 20 mm in diameter and 4 to 5 mm in thickness. However, some elements within the micropump would be in the tens to hundreds of micron range. The packaging or housings can be made up of two plastic mouldings adhered together with the mechanical and electrical elements sealed inside. The housings can be manufactured by plastic injection moulding process. The plastic housing could also be first prototyped using the conventional rapid prototyping technologies to hasten the development of such a product. Furthermore, if we are to include the power supply and electronics as part of the micropump, then the component size increases, and the packaging for both the pump and power supply could realistically be prototyped using conventional RP processes.
For any three dimensional part, no matter how complex the shape is, the FDM RP machine has the capacity to produce 3D channels and structures in ABS, elastomer, or wax. It also allows a dissolvable structural material, which may have potential to create complex internal cavities and channels.
For rapid prototyping of microfluidic device or any MEMS device, the part is first modelled as a CAD model. Because of the constraint in manufacturing tolerances, the accuracy of the FDM machine cannot produce micron-sized parts (for example, microchannel widths of dimensions less than say 500 microns), but rather, it can produce the larger structural parts forming the packaging and supports. It can also produce the scaled up models for experimental simulation studies of micro-channels and other devices. The tolerance achievable by the FDM process is limited to ±0.127 mm, and this determines the choice of parts to be made by the FDM process and those, which require a micromachining process.
In order to improve the resolution of the prototype, various process parameters can be selected. When creating the STL file, the minimum chord height and angle control can be varied, and subsequently, when setting up the FDM machine, various parameters, such as road width and layer thickness can be chosen to achieve greater resolution.
MICROFLUIDIC FLOW MODELLING USING SIMILITUDE
The FDM rapid prototyping system provides an effective tool for study of microfluidic flow behaviour in microchannels. While the modelling of microfluidic flow can be carried out computationally and graphically using the CFD packages such as MemCFD, the experimental study of flow patterns can be carried out by actual flow behaviour in physically produced scaled up, but geometrically similar microchannels created by the FDM system. By applying the principles of similitude, the flow behaviour of liquids in the microchannels can be analysed.
Two flows are said to be geometrically similar when they have a constant relation between all dimensions. This means that all angles need to be identical. The principle of similitude is often used for modelling the flow in a large system with a smaller but geometrically similar device. In microfluidics, the opposite can also be true. A larger physical model allows simple observation of the flow pattern through a micromachined device.
Two flows are said to have dynamic similarity when the forces at corresponding points in the model and the real device have the same direction and also have a constant relation between each other. This is identical to a constant relation linking the density at corresponding points. For microfluidics, the dynamic similarity is usually important where lifting or dragging is involved, such as in micromachined turbines. For most other devices geometrically similar flows are enough for modelling.
While exact similarity is important for modelling, it is sometimes more interesting to predict the flow for almost identical structures, in which the important dimensions are scaled but unimportant ones are not scaled. In such cases, the pressure-velocity relationships of the two systems to be compared are not exactly similar but almost identical.
Another interesting point to consider is the similarity of flows when orifices or channels of different cross section shapes are used. The question as to whether two flows with different cross sections are almost similar can be studied by the introduction of a term called the hydraulic diameter [7] , which is defined by: d h = 4 (cross sectional area / wetted perimeter)
Experimental studies have shown that the flow-pressure relation is similar for two systems of flows if the hydraulic diameters as well as all other dimensions are geometrically similar.
Having mentioned the similitude method to study the flow in micro scale, there are some limitations which one should be aware of. One of them is the interfacial effect, which is not generally considered at macro scale, but is critical to the study of microfluidics [4] .
RESULTS AND ANALYSIS OF MICROCHANNELS MADE BY FDM
A number of micro-channels with different designs were produced on the FDM system in ABS material. The design of these microfluidic components was first simulated in MemCFD package from CoventorWare (version 2001.1). The optimised design of such components were then scaled up and produced on the Pro/Engineer CAD package (version 2000i2). Then the 3D solid models of these components were created and converted into STL files on the Pro/Engineer. These STL files were sent to the FDM3000 machine to fabricate the components. A layer thickness of 0.178 mm was used to make these parts. Figure 1 shows one sample of the part with micro-channels created on the FDM3000 machine.
An examination of the components made by the FDM system revealed that the components had nearly vertical walls and had good 3D structures. The channels and interconnection between the channels could also be easily structured.
What is design of in the CAD package is what is produced on the FDM prototyping machine.
Figure 1 Sample of channel made by the FDM3000
Different layer thickness would allow different sizes of possible channels widths. But in these models, the smallest channel width and depth achievable is 0.5 mm.
Surface Quality
The variation in surface roughness of the FDM components is mainly due to the layer by layer building nature of the FDM machine. The fabrication of FDM component is considered to be wired up line by line and then layer by layer. While this nature of building provides the flexibility to build almost any arbitrary 3D shapes or structures, it also gives the roughness and porousness on the surfaces. These drawbacks can be improved by extruding smaller strings of material and by more optimised control on the process itself. The FDM system can achieve 0.178mm extrusion size of the deposited material layers. It is useful to analyse the affect of the FDM building process on fluidic behaviour in microchannels. The surface roughness of these channels was investigated using the Olympus laser scanning microscope (OLS1100). Figure 2 shows the variation of surface roughness of the part shown in Figure 1 with respect to the scanning distance used from the surface Surface roughness (µm)
Scanning distance (µm) Figure 2 Surface roughness of FDM component of Figure 1 , made in ABS (measured by OLS1100) Figure 3 shows the simplified structure of a channel cross section made by the FDM process. In the channel section, let d be the diameter of extruded string of material, W be the designed width of the channel, and H be the designed depth of the channel. The dashed line as shown in the figure will define the actual channel shape. After the material has been deposited, the cross section area of the channel will shrink and this will affect the flow velocity. The change in cross section area and the relative change in area are given by the equations:
5.2.

Analysis of Pressure Drop
φd W H Figure 3 Cross section of rectangular channel made by FDM
where A is the cross section of the channel and ∆A is the shrinkage of the cross section area. Since d is equal to 0.178mm, in most case, this shrinkage must be taken into account and compensated in the design. As the fluid flows through the channels, more importantly, the increase of liquid to solid interfacial area will increase the resistance of the flow. The pressure change in the channel will be given by the equation (4) [7] :
where ∆p is the pressure drop through the channel. L is the length of the channel. u m is the average velocity. d h is the hydraulic diameter. ρ is the density of the fluid. λ is the friction coefficient.
This friction coefficient can be deduced analytically for laminar flow [7] and is given by the equation (5):
where η is the kinetic viscosity.
If d h is the designed hydraulic diameter, and d h ' as the actual hydraulic diameter, then using the definition of the hydraulic diameter, the ratio of the designed and the actual hydraulic diameter of the channel can be given by:
Applying equations (5) and (6) into equation (4), the pressure drop will be given by equation (7):
For simplicity, if it is assumed that u m remains unchanged, and density, length of channel and kinetic viscosity are the same, then the pressure drop will be a function of hydraulic diameter, and the ratio of the pressure drop will then be given by the expression:
Equation (8) shows that the increase of pressure is almost 147% more than that with the perfect smooth wall, it even does not count the increase of the flow velocity.
The analysis reveals that the roughness of the channels can affects the pressure drop, and should be investigated in the design of fluidic channels. Figure 4 shows the scaled up microfluidic device with microchannels all made on the FDM3000 system. The figure also shows the two fluidic connectors attached to the device for fluid flow pumping and mixing. When liquid was driven through the channels, the flow was not smooth and was found to be leaking into the substrates in several locations. The actual microchannels made by the FDM may also have had some cavities and debris left in the structure. 
Problems with Fluid Flow
CONCLUSIONS
Preliminary investigations on Fused deposition modelling rapid prototyping system have demonstrated that it is possible to create microfluidic devices on the FDM system for experimental verification and study of microfluidic flow behaviour in microchannels. The FDM system offers great potential and flexibility in creating prototypes of complex 3D structures and parts of any geometry for microfluidic and MEMS devices. Together with CAD packages, it is possible to achieve the concept of "what you see is what you get". However, as other general purpose tools, this technique needs more research to make it more feasible to apply in the development of microfluidic devices. The approach also has potential to be used in the development of packaging and housing of microfluidic components and electronic parts.
